Temperature-sensitive (ts) mutants obtained by undiluted passages of fowl plague virus at 33 °C have their defects located mainly in RNA segments 3, 4 and 8 as determined by rescue to wild-type with standard ts mutants. This result is different from that obtained after treatment of virus with mutagens, where the frequency of mutations follows roughly the target size of the RNA segments. Many isolates generated after undiluted passages at 33 °C, which seem to have mutations in RNA segments 3 and 4, can be rescued to wild-type. This occurs, however, with certain defined standard ts mutants having a defect in RNA segment 4, but not by other segment 4 mutants. One such mutant, ts 1/93 (ts defect in segment 3), interferes with the multiplication of ts 227 (ts defect in segment 4) at the permissive temperature, presumably at the level of vRNA synthesis, preventing reassortment to wild-type. Similarly, ts 263 (ts defect in segment 3) interferes with the multiplication of ts 1/1 (ts defect in segment 4). For other such interfering mutants, the mechanism preventing reassortment to wild-type is different from that of ts 1/93 or ts 1/1, but is not yet understood. Thus, the number of mutations as determined by rescue with standard ts
INTRODUCTION
Temperature-sensitive (ts) mutants of influenza viruses have been isolated in several laboratories. They have been very useful in the elucidation of the functions of the various gene products. Most mutants have been obtained by chemical mutagenesis of the virus (for review, see Mahy, 1983) . After treating the virus with mutagens most mutants were found to have ts mutations in the largest RNA segment, while very few mutants with defects in the small segments were isolated (Sugiura et al., 1972 (Sugiura et al., , 1975 Palese, 1977; Ghendon et al., 1973 Ghendon et al., , 1980 Scholtissek & Bowles, 1975; Scholtissek et al., 1976; Harms et al., 1978; Almond et al., 1979) .
After undiluted passages at the body temperature of chicken, non-pathogenic reassortants of fowl plague virus (FPV) can regain pathogenic properties (Rott et al., 1983) . Thus, under these conditions, mutations might occur which are different from point mutations obtained after chemical mutagenesis. Therefore, we have tried to isolate mutants unable to multiply at 40 °C after undiluted passages at low temperature. Selection for inability to multiply at 40 °C was chosen in order to have a genetic marker that can be easily handled. (H7N 1) , plaque isolate 145, and the following ts mutants derived from it have been used as standard mutants: ts 3 (ts mutation in RNA segment 1 coding for PB2 protein); ts 90 (segment 2 coding for PB 1 protein); ts 263 (segment 3 coding for PA protein); ts 227 (segment 4 coding for HA protein); ts 19 (segment 5 coding for N P protein); ts 113 (segment 6 coding for NA protein) (Scholtissek & Bowles, 1975; Scholtissek et al., 1976) . Furthermore, ts mutants derived from a recombinant between FPV and A/chick/Germany 'N'/49 (virus N, HION7) having RNA segments 2 and 8 derived from virus N and the other segments from FPV were investigated : ts 37, ts 77, ts 237 (segment 3); ts 1, ts 482, ts 532, ts 651 (segment 4); ts 412 (segment 8 coding for NS proteins, and also used as standard mutant) (Koennecke, 1981 ; Koennecke et al., 1981) . Occasionally, ts 115, ts I 17 and ts 132 were used; these carry a ts mutation in the PB2 gene. The following influenza A strains were investigated: virus N; A/PR/8/34 (HIN1); A/Singapore/i/57 (H2N2); A/equine/Miami/I/68 (H3N8); A/parrot/Ulster/73 (H7N1).
METHODS

Virus strains and tissue cultures. A/FPV/Rostock/34
Primary chick embryo cells in culture were prepared from 11-day-old chick embryos and were used 48 h after seeding.
Undilutedpassages. These were performed either at 33 °C or 40 °C by infecting 6 x 106 chick embryo cells with 1 ml allantoic fluid with a haemagglutination (HA) titre of 1 : 1024. After about 16 h, the cells were disrupted by three cycles of freezing and thawing, cell debris was removed by centrifugation, and 90~ of the supernatant was used for the next passage. With the remaining 10~, HA and plaque tests were performed.
Temperature-sensitive mutants. These were isolated from passages at 33 °C by picking plaques at random. Most of them were morphologically different from the wild-type parent (tiny, small, large; turbid, clear, fuzzy). These plaques were passaged at least three times at 33 °C before they were injected into embryonated eggs and tested for inability to grow at 40 °C. In one experiment mutants were also isolated after mutagenesis with 5-fluorouracil as previously described (Scholtissek et al., 1974) except that plaques were picked at random without selection by the plaque-enlargement technique. By the plaque-enlargement technique, mutants that multiply only slowly even at the permissive temperature of 33 °C and form small or turbid plaques might have escaped detection. All mutants obtained exhibited an efficiency of plaque formation at 33 °C which was higher by a factor of at least l0 s than that at 40 °C. Some of the ts mutants were leaky in that they were still able to form extremely turbid or micro-plaques at 40 °C. This did not, however, interfere with the interpretation of the genetic results. Several of the new isolates multiplied only slowly at the permissive temperature. Therefore, it might not be totally correct to call them temperature-sensitive. For this reason, such isolates have been marked by an asterisk in the tables.
Recombination experiments with ts mutants. These were performed by double infection of chick embryo cells at 33 °C with a multiplicity of 5 to 20 p.f.u./ceU of each parent virus. Sixteen h thereafter, a plaque test of supernatants was performed at 40 °C. If the plaque titre of doubly infected cells was higher by at least a factor of 100 when compared to singly infected cultures, a recombination was regarded as positive (+ +). With recombination-negative pairs (-), the plaque titres of doubly infected cultures did not exceed those of singly infected cells by more than a factor of two. Intermediate values were not found. In several instances after double infection with a standard ts mutant, plaques were obtained at 40 °C which were either turbid or significantly smaller than wild-type plaques. This observation was made with those isolates which have leaky ts defects in the RNA segments under investigation. A combination of defects in several genes seems to be responsible for their ts phenotype. As a rule, they multiply also at 33 °C more slowly and/or to lower titres and form only relatively small or somewhat turbid plaques at the permissive temperature. These are the mutants which are marked by an asterisk in the tables.
Plaque formation tests and haemagglutination tests. These were performed according to established procedures (Klenk et al., 1972) .
RESULTS
Undiluted passages of fowl plague virus at 33 °C and 40 °C
When FPV was passaged at 33 °C at a high multiplicity, the plaque titres decreased faster with each passage when compared to the HA titres. In the sixth and seventh passages the p.f.u./ HA ratio was again almost normal. The plaques formed at 33 °C between the second and fifth passage exhibited a very heterogeneous morphology. At later passages, the plaques were again quite homogeneous. At 40 °C the decrease in infectious virus was much less pronounced than at 33 °C (Table 1 ) and the plaques looked relatively homogeneous during all passages.
Temperature-sensitive mutants obtained after serial undiluted passages
Between 20 and 100 plaques were picked at random from each passage at 33 °C. They were purified by at least three consecutive plaque passages at the same temperature before being injected into embryonated eggs. Plaques of different morphology (large, small, turbid or fuzzy) were examined. At the first undiluted passage, about 1 ~ of the plaques were not able to grow at 40 °C, i.e. at 40 °C they formed either no plaques at all, or the plaques were so tiny or turbid that they could scarcely be seen. At the third undiluted passage at 33 °C, about 2070 of the plaques were found to be ts, most forming relatively small or turbid plaques even at 33 °C. At the seventh undiluted passage at 33 °C, up to 4070 of the plaques were ts.
Since after seven undiluted passages at 33 °C the plaques again exhibited a homogeneous and ) . ~" The ts defects are defined by their failure to be rescued by the standard ts mutants mentioned in Methods. :~ The first number indicates the passage number, the second number is the number of the individual isolate.
quite normal morphology compared with wild-type FPV, the possibility existed that most of the ts mutants might be identical, having their mutations in the same gene(s). Thus, under these conditions identical ts mutants could have been selected which grow optimally at 33 °C. As can be seen in Table 2 , however, most of the ts mutants of the sixth and seventh undiluted passage with the same passage history have their mutations in different genes as determined by reassortment with standard mutants. Even the pairs 7/3 and 7/33, and 7/31 and 7/44, and also 6/1 and 6/2 seem not to be identical, since they differ significantly in plaque morphology and leakiness. Thus, there is no recognizable selection for a particular class of mutant during passages at 33 °C. However, the possibility is not excluded that, for example, the mutation in RNA segment 1 of ts 6/4 is identical to the mutation in segment 1 of 7/22 etc. Next, we studied the frequencies of mutations in the various genome segments. The data are summarized in Table 3 . Ten isolates of the first passage (seven independent experiments), eight isolates of the third passage (three independent experiments), nine isolates of the seventh passage (one experiment, see Table 2 ) and several isolates of other passages were analysed in more detail. First, we tried to determine in which genes the lesions were located by double infection with our standard ts mutants at 33 °C followed by plaque tests at 40 °C. Mutations in RNA segment 7 (M) could not be examined in this way, since no standard ts mutant in this group was available. In order to avoid multiple isolations of the same ts mutant we have included in Table 3 only isolates from any one experiment which carry their mutations in different genes. Thus, the pairs of mutants 6/1 and 6/2, and 7/3 and 7/33, and 7/31 and 7/44 (Table 2) were scored as only one mutant in each case.
According to the results of reassortment with standard ts mutants, isolates of the first undiluted passage are primarily double mutants and most of the third passage are triple mutants. (Scholtissek & Bowles, 1975) and Cambridge (Almond et al., 1979) . ~: Mra: ts mutants induced by 5-fluorouracil were isolated by picking plaques of different morphologies at random.
Of special interest is the frequency of mutation in the various RNA segments: most mutations were found in segments 3, 4 and 8. This is in contrast to the frequency of mutations after treatment with mutagens, where the frequency follows roughly the target size of the genes (Table  3 , first line), i.e. the highest frequency in the largest RNA segment 1, the lowest frequency in the smallest RNA segments 7 and 8. Indeed, no ts mutant with a lesion in RNA segment 7 has yet been found after mutagenesis of FPV. Thus, the distribution of ts lesions produced by undiluted passage is statistically different from that produced by chemical mutagenesis.
Since the ts mutants previously isolated after treatment with mutagens were in most cases isolated by the plaque-enlargement technique and not by picking plaques at random, we have tested 5-fluorouracil-induced mutants isolated in the same way as those from undiluted passages. In Table 3 (Mra, second line) the distribution of mutations among these mutants from one experiment is shown; it is similar to that in other ts mutants obtained after treatment with mutagens (Table 3 , first line).
Undiluted passage mutants with defects in RNA segments 3 and 4 that cannot be rescued with standard ts mutants
Although double and triple mutants have been obtained after treatment with mutagens, in no published case have these been observed to possess defects in both RNA segments 3 and 4 (for review, see Malay, 1983) . This is in sharp contrast to ts mutants isolated after undiluted passages: about one-third of these isolates did not produce ts + virus after double infection with either the standard mutant ts 263 (defect in RNA segment 3) or ts 227 (defect in RNA segment 4). According to these results, they should carry ts defects in RNA segment 3 as well as in segment 4. Further mutants with a ts defect in RNA segment 4 (obtained by mutagenesis) were therefore investigated in double infections. Nine out of the 14 mutants listed in Table 4 which carry a ts defect in RNA segment 3 could be rescued by some, but not by all ts mutants with a ts defect in RNA segment 4, or by other prototype influenza virus strains (Table 4) . [A ts mutant with a defect in the haemagglutinin gene cannot be rescued by double infection with other influenza A virus strains which carry a haemagglutinin which is not normally cleaved in chick embryo fibroblasts, e.g. PR8, Singapore etc. (Scholtissek et al., 1976) .] For example, ts 1/2 can be rescued by most of the ts mutants carrying a defect in segment 4 but not by other prototype influenza virus strains which do not form plaques on chick embryo cells, while ts 1/93 cannot be rescued by ts 227, but can be rescued by all other influenza virus strains tested and other ts mutants with defects in RNA segment 4.
All mutants except one which could not be rescued to wild-type after double infection with ts 263 could also not be rescued by mutants ts 37, ts 77 or ts 237, all of which carry a ts defect in RNA segment 3 (Koennecke, 1981 ) (data not shown). Mutant ts 81 was the exception, which could be rescued by ts 237, but not by the other segment 3 ts mutants.
The isolates ts 1/93 and ts 1/1 have been studied in more detail. The plaques obtained at 40 °C after double infection with ts 1/93 and, for example, ts 1 can be cloned at least three times at 40 °C. This indicates that plaque formation at 40 °C is not due to intracistronic complementation (Heller & Scholtissek, 1980; Thierry et al., 1980; Shimizu et al., 1982) . The reversion rates to wild-type of ts 1/93 and ts 1/1 are about 1/105. These reversions are not due to suppressor mutations in other genes (Murphy et al., 1980; Scholtissek & Spring, 1981) , since after a backcross of the revertants with FPV, the ts phenotype could not be rescued. Thus, these high reversion rates are compatible only with there being a single mutation in ts 1/93 or ts 1/1. The gene constellation of two recombinants obtained by rescue of ts 1/93 with virus N was determined according to Scholtissek et al. (1976) by hybridizing the unlabelled cRNA of the recombinants to the individual 32P-labelled RNA segments of FPV. One of these recombinants had RNA segments 2 and 3 of FPV replaced by the corresponding segments of virus N; the other recombinant had RNA segments 3 and 5 replaced. These data suggest that ts 1/93 is not a double mutant but has a single mutation in segment 3, and not in segment 4.
There are at least two possible explanations why ts 1/93 cannot be rescued by ts 227 but can be rescued by the other ts mutants with ts defects in segment 4. (i) The two mutants may carry additional non-ts mutations in other segments that render them incompatible for reassortment to wild-type. (ii) One mutant might inhibit the multiplication of the other (intrinsic interference). To test these possibilities, chick embryo cells were infected doubly with equal multiplicities of ts 1/93 and ts 227 at 33 °C. Twelve h later, a plaque test was performed at 33 °C on the supernatant. Fifty plaques were picked at random. Two different tests to analyse these plaques were employed. Half of the plaques were injected immediately into embryonated eggs. After incubation at 33 °C for 3 days the allantoic fluids were harvested, 24 of which gave positive HA reactions. All allantoic fluids contained ts virus, except for a low frequency of revertants. Again 23 of the isolates could be rescued by virus N, i.e. they contained ts 1/93 and not ts 227. The other half of the plaques were used directly for a rescue experiment. For this purpose, tissue cultures were infected with virus N at a multiplicity of about 1. Then the plaques dispersed in 19/0 ovalbumin solution were added immediately to the cultures, which were covered with agar overlay. In 23 of the cultures, plaques were seen after 2 to 3 days at 40 °C. Thug, more than 90~o of the yield after double infection was ts 1/93.
In another experiment chick embryo cells were first infected with ts 227 and then superinfected with ts 1/93, either 2 h or 5 h later. After 12 h at 33 °C a plaque test was performed on the supernatant at 33 °C. Again 50 plaques were picked at random and analysed as above. In this case more than 90~o of the plaques could not be rescued by virus N, indicating that they contained ts 227. Thus, ts 1/93 interferes with the multiplication of ts 227 after double infection, presumably at a step before virus RNA (vRNA) synthesis or with vRNA synthesis itself. After pre-infection with ts 227, the multiplication of ts 1/93 was prevented; therefore, also under these conditions no rescue was obtained.
When revertants of ts 227 or ts 1/93 were tested for interference with ts 1/93 or ts 227, respectively, no interference could be observed. After double infection with ts 1/93 and a revertant of ts 227 at 33 °C the plaque yield at 40 °C was never more than a factor of 2 lower compared with multiplication at 33 °C. If chick embryo cells were first infected with ts 227 and superinfected 2 h later with a revertant ofts 1/93, again the plaque yield at 40 °C was almost the same as that at 33 °C. Thus, the interfering capacity is directly related to the ts mutation.
According to its reversion rate, ts 1/1 also should carry only a single mutation. Since ts 1/1 can be rescued to wild-type by one of the four segment 3 mutants tested (ts 237, see above), there might also exist the same kind of intrinsic interference between ts 1/1 and the other segment 3 mutants like ts 263 as found between ts 1/93 and ts 227. Therefore, we pre-infected chick embryo cells with ts 1/1 and superinfected them 2 h later with ts 263. Under these conditions, rescue to ts ÷ occurred. After simultaneous infection or pre-infection with ts 263, no rescue was found. third of the cultures, chicken antiserum against FPV (dilution 1 : 250) was added and to another third chicken antiserum against virus N (dilution 1 : 100) was added. After 14 h incubation at 33 °C the HA titre was determined in the supernatant medium (Ron et al., 1981) .
i" ND, Not done.
Furthermore, about 50% of the plaques obtained from supernatants after pre-infection with ts 1/1 and superinfection with ts 263 at 33 °C could be rescued by virus N; the other 50% could not. This indicates that under these conditions both ts mutants had multiplied to equal titres. In an experiment performed the other way around, more than 90 % of the plaques could be rescued by virus N, indicating that the pre-infecting ts 263 had interfered with the multiplication of ts 1/1. Thus, ts 1/1 does not carry a ts mutation in the PA gene (segment 3). Although ts 1/1 could not be rescued to wild-type by ts 3, other ts mutants with defects in the PB2 gene (RNA segment 1) like ts 115, ts 117, and ts 132 were able to do so. Therefore, ts 1 / 1 does not seem to carry a ts defect in RNA segment 1 either. Thus, the only ts defect of 1/1 is located in the HA gene (segment 4), which is compatible with the high reversion rate of 10 -5.
There are various other ts mutants with defects in RNA segments 3 and 4 which could not be rescued by other prototype strains (see Table 4 ). With these mutants, the possibility of intrinsic interference was tested in a different way. Singly and doubly infected chick embryo cells were incubated in the presence of specific antisera and the release of virus into the supernatant was measured 14 h after infection at 33 °C by the HA test. In this way the degree of interference of one virus strain with the multiplication of the other can be tested (Rottet al., 1981) . As can be seen in Table 5 , none of the ts mutants tested interferes significantly with the multiplication of virus N or vice versa.
D I S C U S S I O N
A common procedure for localizing ts defects in new isolates of influenza viruses is to rescue such isolates by double-infection with standard ts mutants in which the precise localization of the defects is known. Applying this procedure, it was found that the frequency of ts mutations obtained by chemical mutagenesis in the various genes was different from the frequency of ts mutations caused by undiluted passages (Table 3 ). This was especially obvious for mutations in RNA segments 3 (PA gene), 4 (HA gene) and 8 (NS gene). Seven of such double or triple mutants obtained after undiluted passages which failed to be rescued by a ts mutant with a defect in the HA gene or certain prototype influenza virus strain(s) turned out not to have a ts c. SCHOLTISSEK AND K. MULLER defect in the HA gene. With ts 1/93, it could be shown that the failure to be rescued by ts 227 was due to mutual interference, presumably with vRNA synthesis, hence prohibiting reassortment to wild-type. A similar interference was found between ts 263 and ts 1/1. This phenomenon of intrinsic interference has been observed recently between a swine influenza and fowl plague virus (Rott et al., 1981) . With other mutants of this kind (Table 5) another unknown mechanism which prevents reassortment to wild-type has to be envisaged. Somehow the cooperation of RNA segments 3 and 4 (and 8 ?) or their corresponding gene products seems to be involved in the correct reassortment. However, this kind of interference has been found so far only with mutants induced by undiluted passages, but not with mutants obtained by chemical mutagenesis.
Two important points have to be considered in the context to our observations. (i) The commonly used procedure for localizing ts defects by rescue to wild-type with known ts mutants is no longer a reliable method. The number of ts mutations defined by this technique is, as outlined in Tables 3 and 4 , an overestimate because of the phenomenon of intrinsic interference.
(ii) It should be considered whether the mechanism of mutagenesis during undiluted passages is different in principle from that of chemical mutagenesis causing point mutations. It is possible that mutations causing intrinsic interference occasionally occur also during chemical mutagenesis, but that under the selection pressure of undiluted passages such mutants accumulate.
A further study of the mechanism of mutagenesis by undiluted passage appears to be important, since this kind of mutagenesis may not be a rare event under conditions of natural infection. If, in a tissue, one infected cell produces about 200 infectious virus particles, the cells in the immediate vicinity have a high probability of becoming infected with more than one infectious unit, the precondition for inducing the yon Magnus phenomenon (Barry, 1961) . Thus, mutagenesis resulting from multiple infection might contribute significantly to the high genetic variability of influenza viruses.
